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ABSORPTION SPECTROSCOPY APPARATUS AND METHOD 

Cross-Reference to Related Applications 

(01) The present application claims priority to provisional U.S. patent application 
serial number 60/270,789, filed on February 22, 2001, which is assigned to the assignee of the 
present invention and incorporated herein by reference. 

Background of the Invention 

1 . Field of the Invention 

(02) The present invention relates generally to spectrophotometric techniques for 
analyzing the content of a given fluid and, more particularly, to an apparatus for optimizing the 
sensitivity of such analysis. Even more particularly, the present invention relates to a multi-pass 
cell useful in absorption spectroscopy. 

2. Related Art 

(03) Spectroscopy systems and methods are used to analyze the composition of various 
types of materials, including gases, liquids and tiie Uke. Specti-oscopy is based on the fact that 
different chemical compositions absorb energy, e.g., light, at different frequencies, so that 
measuring tiie frequency of light passed through a sample can be used to identify which light 
frequencies were absorbed by the sample and which were not. Thus, the chemicals present in the 
sample can be readily identified. Specti-oscopy systems and metiiods also can identify the 
amount of light absorbed by the sample at each given frequency. Thus, the quantity of each 
chemical present in the chemical composition can be determined. In addition, such analj^is can 
be performed with any one of various different ranges of Ught such as infrared, ulfraviolet and 
the like, each of which pertains to a separate range of frequencies. 

(04) An absorption cell (or resonator) for holding the gas or Hquid sample through 
which hght is passed is used to perform spectroscopy analysis in conjunction with suitable 
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spectroscopy equipment, such as a light emitter and a light detector. It has long been realized 
that to increase flie sensitivity in providing both quantitative and qualitative analyses, the light 
must be passed through a very large percentage of the available sample. Thus, absorption cells 
have been provided with "folded" light paths, in which mirrors reflect the Hght back and forth 
within the cell, such that the light makes multiple passes through the sample. The folded light 
path increases the optical path length between the light emitter and the hght detector to thereby 
increase the sensitivity of a spectroscopy system incorporating an absorption cell producing a 
folded light path. Examples of existing "multi-pass" absorption cells are shown in U.S. Patent 
Nos. 4,322,621; 4,749,276; 5,220,402; 5,440,143; 5,459,566; 5,485,276; 5,714,759; 5,731,583; 
and 5,949,537. 

(05) While many of the existing "multi-pass" absorption cells are effective in 
increasing the optical path length without greatly increasing the size or volume of the sample, the 
throughput (etendue) of these cells can be relatively small. The small throughput Kmits the 
amount of Hght that can be directed through the sample and limits the sensitivity of the resulting 
measurement. 

(06) What is still desire is an improved "multi-pass" absorption cell that causes light to 
pass through a very large percentage of a sample contained in the cell. Preferably, the improved 
absorption cell will prevent the loss of significant amounts of light through ends of the cell and 
increase the throughput of the cell. In addition, the improved cell will preferably be compact, 
robust, and easier to manufacture. 

Summarv of Disclosure 

(07) The present invention provides an improved absorption spectroscopy apparatus. 
The apparatus includes a fluid inlet and a fluid outlet, a sample cell, and at least one 
source/detector reflector. The sample cell has an axis, a side wall having at least one curved 
reflective surface arrayed about the axis and facing inwardly with respect to the cell such that a 
beam of energy directed against a predetermined location on the reflective surface is reflected 
back and forth off the reflective surface and remains in substantially the same plane while inside 
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the cell, and at least one port in the side wall The source/detector reflector has a curved profile 
in a plane extending perpendicul^ to the axis of the cell, and is positioned with respect to the 
port of the cell to reflect energy through the port of the cell and against the predetermined 
location on the reflective surface of the side wall of the cell. 

(08) The improved absorption spectroscopy apparatus of the present invention enables 
energy to be passed through a very large percentage of a sample within the sample cell. The cell 
is constructed so as to be small and compact while nonetheless enabling the energy to make 
successive passes through the sample. The curved source/detector reflector prevents a decrease 
in the throughput of the celL M addition, the improved apparatus has been found to be robust 
and easier to manufacture. 

(09) According to one aspect of the present invention, the source/detector reflector 
comprises a segment of a cylinder. 

(10) According to another aspect of the present invention, the reflective surface of the 
side wall of the cell has a circular profile in a plane extending perpendicular to the axis of the 
cell. According to a fiirther aspect, the reflective surface of the side wall of the cell has a flat 
profile in a plane extending parallel to the axis of the cell. 

(11) According to an additional aspect of the present invention, the port of the side 
wall of the cell includes inlet and outlet ports, and the source/detector reflector includes separate 
source and detector reflectors corresponding respectively to the inlet and the outlet ports. 
According to a fiirther aspect, the apparatus includes a source for directing energy against the 
source reflector; and a detector for receiving energy fi-om the detector reflector. 

(12) According to still another aspect of the present invention, the apparatus includes 
an intermediate reflector positioned with respect to the port of the cell and the emitter/detector 
reflector to reflect energy fi:om the emitter/detector reflector through the port of the cell and 
against the predetermined location on the reflective surface of the side wall of the cell. 
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(1 3) According to still another aspect of the present invention, the apparatus includes 
end walls closing ends of the side wall of the cell. According to one aspect, the end walls have 
reflective surfaces facing inwardly with respect to the cell According to another aspect, the end 
walls include the fluid inlet and the fluid outlet of the apparatus. 

(14) According to an additional aspect of the present invention, the side wall is 
molded. According to still a further aspect, the reflective surface of the side wall is poHshed. 

(15) According to another aspect of the present invention, the cell has a height 
measured in a direction parallel to the axis substantially equal to a length of a source of the 
apparatus. According to one aspect, an energy path in the cell is substantially perpendicular to 
the cell axis. 

(16) These and other aspects ofthe present invention will become apparent to those 
skilled in the art after a reading of the following description of exemplary embodiments when 
considered with the drawings. 

Brief Description of Drawings 

(17) The present invention is described with reference to the accompanying drawings, 
wherein: 

(18) FIG. 1 is a schematic perspective view of a trace of a light ray completing 
multiple passes through a sample cell of an exemplary embodiment of an improved absorption 
spectroscopy apparatus constructed in accordance with the present invention; 

(19) FIG. 2 is a schematic end plan view of a trace of a light ray directed by a set of 
launch and collection reflectors and completing multiple passes through a sample cell of another 
exemplary embodiment of an improved absorption spectroscopy apparatus constructed in 
accordance with the present invention; 
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(20) FIG. 3 is a schematic end plan view of a trace of a light ray directed by a set of 
launch and collection reflectors and completing multiple passes through a sample cell of an 
additional exemplary embodiment of an improved absorption ^ectroscopy apparatus constructed 
in accordance v^ith the present invention; 

(21) FIG. 4 is an end plan view of another exemplary embodiment of an improved 
absorption spectroscopy apparatus constructed in accordance with the present invention; 

(22) FIG. 5 is an end plan view showing a trace of a Ught ray passing through the 
absorption spectroscopy apparatus of FIG, 4; 

(23) FIG, 6 is a side elevation view of an additional absorption cell constructed in 
accordance with the present invention; 

(24) FIG. 7 is a sectional view taken along line 7-7 of the absorption cell of FIG. 6; 

and 

(25) FIG. 8 is a side elevation view of the absorption cell of FIG. 6, wherein a side 
panel of the cell is removed and a trace of a light ray is shown directed by a single launch and 
collection mirror and an intermediate mirror and completing multiple passes through the 
absorption cell. 

(26) Like reference characters designate identical or corresponding components and 
units throughout the several views. 

Detailed Description of Exemplarv Embodiments 

(27) Referring to FIG. 1 of the drawings, there is shown a schematic representation of 
an exemplary embodiment of an improved absorption spectroscopy apparatus 10 constructed in 
accordance with the present invention. The apparatus includes a fluid sample cell 12 having an 
annular side wall 14 coaxially arranged about an axis "A" of the cell. The side wall 14 includes a 
radially inwardly facing light reflective surface 16. The light reflective surface 16 is preferably 
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polished metal If a higher reflectivity of the surface 16 is desirable, the surface can be coated 
with one or more layers of a reflective material such as gold, other metallic layers or a highly 
reflective dielectric coating, in order to enhance tiie reflectivity thereof 

(28) The cell 14 also includes an energy inlet port 1 8 at one given location in the side 
wall and an energy outlet port 20 at another given location in the side wall. Although not shown, 
the cell 12 preferably also includes opposing, flat end walls, which together with the curved side 
wall form an enclosed cell The end walls can includes sample inlet and outlet ports that are 
used to bring fluid samples into the int^or cavity and remove the samples from the cell 

(29) In operation, the sample inlet and outlet ports are connected to suitable conduits 
for delivering fluid samples from a continually operating process or the like. It is contemplated 
that an absorption spectroscopy apparatus constructed in accordance with the present invention 
has particular utility in monitoring the content of fluid, such as a gas or liquid, which is passing 
through a pipe or the like, and that the present apparatus is useful in providing continuous 
analyses of the contents of gases passing through the pipe. In some cases it may be desirable to 
maintain the temperature and the pressure within the sample cell at predetermined limits 
corresponding to the pressure and temperature conditions of the fluid prevailing in the pipe or 
process (and in some cases to minimize the adverse effects created by deposits formed on the 
light reflective surface of the side wall). Thus, as the fluid is brought into the sample cell and 
returned to the original source of such fluid, the original process or other fluid source is in no 
way affected by the continual spectroscopy analysis. The present invention can be used in many 
applications including, but not lunited to, as a gas analyzer, a replacement for a "White", " Wilks" 
or "Heriot-Watt" cell resonators, as part of a low-cost engine emissions analyzer, as part of a gas 
(e.g., carbon monoxide) detector for home or commercial use, as part of a gas leak detector, as 
part of a breath analyzer, and can be made to be used with Uquids. 

(30) As energy from an emitter source "S" of the apparatus 10 passes through the 
energy inlet port 1 8, the energy is directed to a predetermine point on the inner surface 16 of the 
cxirved side wall 14 so as to commence the step-by-step progression of the back-and-forth 
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reflections of such energy through tUe sample cell 12. FIG. 1 shows a trace of an energy ray 
completing multiple passes through the enclosed cavity of the sample cell 12. Within the annular 
configuration of the side wall 14 of the cell 12, the Hght is reflected back-and-forth along the 
inner surface 16 of the side wall until the energy is directed through the energy outlet port 20 in 
the side wall to a detector "D" for reading the energy absorption that has taken place within the 
cell After completing a single revolution of reflections, the light ray thereby passes through 
substantially all of the gas within the cylindrical cell. The beam residence time and effective 
path length in the cell sample area is thereby extended. A typical configuration will provided 
twenty (20) passes across the cell between the energy inlet and outlet ports. 

(31) The energy source "S" can comprises an infrared emitter such as the infrared 
emitters disclosed U.S. patent numbers 5,838,016 and 6,249,005, and intemational patent 
appMcation number PCT/US98/25771 (WO 99/28729), all of which are assigned to the assignee 
of the present invention and are incorporated herein by reference. 

(32) As shown in FIG. 1 , the inwardly facing reflective surface 1 6 of the side wall 14 
of the cell 12 has a circular profile as viewed on a plan extending perpendicular with the axis 
"A". However, the curved side wall can be provided in other profiles, such as elliptical. In 
addition, the cell can be provided with an inner, outwardly facing, curved reflective surface 
coaxially arranged within the inwardly facing reflective surface of the side wall. Moreover, the 
side wall can be provided with a reflective surface having a curved profile as viewed on a plan 
extending parallel with the axis "A" of the cell. 

(33) The cell 1 2 can also be provided with light transmissive windows positioned in 
the energy inlet and outlet ports 18, 20. Suitable light transmissive materials for the window are 
known to those skilled in the art. The light transmissive window in the inlet port can additionally 
be provided with a cositing layer on a surface opposite the surface facing the sample region for 
reflecting a portion of a light beam. 

(34) The curved side wall 14 of the cell 12 of the present invention has been found to 
be relatively easy and inexpensive to manufacture. In preferred embodiments of the cell 12, the 



BST99 1192196-1.056326.0035 



IOPL-0118 



-8- 

side wall 14 and the end walls are molded, metal stamped or fomed using a simple lathe, for 
example, and secured together in a fluid-tight manner, such as by using bolts and gaskets. The 
mwardly reflective surface 16 of the side wall 14 and inwardly reflective surfaces of the end 
walls are preferably pohshed to produce a high reflectivity. 

(35) Although not shown, two or more of such cells 12 can be juxtaposed (e,g., 
stacked) so as to greatly increase the amount of gas through which the energy passes before it is 
returned to the detector. In such event, an intermediate reflector(s) may be employed for 
directing the energy between cells. 

(36) Referring to FIG. 2, another exemplary embodiment of a absorption spectroscopy 
apparatus 50 constructed in accordance with the present invention is shown. The apparatus is 
similiar to the apparatus 10 of FIG. 1 such fliat similar elements have the same reference 
characters. However, the apparatus 50 further includes at least one source/detector reflector 22, 
24 that has a curved profile in a plane extending perpendicular to the axis of the cell, and is 
positioned with respect to the ports 1 8, 20 of the cell 12 to reflect energy through the inlet port of 
the cell and against the predetermined location on the reflective surface 16 of the side wall 14 of 
the cell, and receive energy from the outlet port 20. Preferably, the source/detector reflectors 22, 
24 each comprise a segment of a cylinder. The curved source/detector reflectors have 22, 24 
been found to efficiently coUimate the light beam, as the light from the light source is divergent, 
and thereby increase the throughput of the apparatus 50. It has been found that the solid angle of 
radiation collected from the source "S" is greatly increased using the cylindrical reflectors 22, 24. 
In addition, extending the end walls of the cell 12 to cover the ends of the cylindrical reflectors 
22, 24 helps to further confine light parallel to the axis "A" of the cell 12 and within the plane of 
the cell. Furthermore, matching the height of the cell 12 (i.e., distance along the axis "A" and 
between the end walls) to the source length permits ideal energy collection. 

(37) Since the cell includes two ports 1 8, 20 in the side wall 14, the apparatus 50 of 
Fig. 2 includes separate source and detector reflectors 22, 24. The reflectors are provided as 
cylindrical lens 22, 24 between the source "S" and the inlet port 18, and between the outlet port 
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20 and the detector "D". The detector lens 24 is provided with a focal length that is greater than 
a focal length of the source lens 22. 

(38) FIG. 3 shows an additional exemplary embodiment of a spectroscopy apparatus 
60 constructed in accordance with the present invention. The apparatus 60 is similar to the 
apparatus 50 of FIG. 2 such that similar elements have the same reference characters. However, 
the apparatus 60 further includes separate source and detector reflectors 26, 28 comprising 
mirrors instead of lens. As shown, the reflectors 26, 28 each comprise a segment of a cylinder. 
Preferably, the reflectors 26, 28 are molded and have pohshed inwardly-facing reflective 
surfaces, to simply manufacturing. 

(39) Referring to FIGS. 4 and 5, a further exemplary embodiment of an absorption 
spectroscopy apparatus 70 constructed in accordance with the present invention is shown. The 
apparatus 70 is similar to the apparatus 60 of FIG. 3 such that similar element have the same 
reference characters. However, the cell 12 of the apparatus 70 includes a single port 18 in the 
side wall 14, and the source/detector reflector comprises a single source/detector mirror 30. The 
mirror 30 helps define a source/detector chamber 32 positioned against the sample cell 12. As 
shown, the end walls 34 of the sample chamber 12 extend over ends of the mirror 30 to help 
further define the enclosed chamber 32. The Ught source "S" and the detector "D" are housed 
within the chamber 32. 

(40) FIGS. 6 through 8 show another exemplary embodiment of an absorption 
spectroscopy apparatus 80 constructed in accordance with the present invention. The ^paratus 
80 is similar to the apparatus 70 of FIGS. 4 and 5, such that similar element have the same 
reference characters. However, the source/detector chamber 32 is "folded", or stacked, on the 
sample cell 12, and the apparatus 80 further includes an intermediate reflector 82 for reflecting 
energy fi-om the source/detector mirror 30 into the port 18 of the sample cell 12, and fi-om the 
port 18 of the sample cell 12 to the source/detector mirror 30. The apparatus 80 also includes 
three end walls 84, 86, 88, with two of the end walls 84, 88 defining respectively a sample inlet 
90 and a sample outlet 92. 
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(41) The present invention, therefore, provides an improved "multi-pass" sample cell 
that causes light to pass through a very large percentage of a sample contained in the cell. The 
improved sample cell prevents the loss of significant amounts of light through ends of the cell 
and increases the throughput of the cell. In addition, the improved cell is compact, robust, and 
relatively easy to manufacture. 

(42) Certain modifications and improvements to the exemplary embodiments of the 
present invention will occur to those skilled in the art upon a reading of the foregoing 
description. It should be understood that all such modifications and improvements have been 
deleted herein for the sake of conciseness and readability but are properly Avithin the scope of the 
present invention as recited in the following claims. 
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